The simulation of many ballistic events rely on accurate constitutive relations which are applicable under tensile, compressive and shear loading regimes at high strain rates and high strains. Many of these ballistic processes, such as shear plugging, are caused by shear localisation resulting from adiabatic shear phenomena. Thus the simulations must be capable of resolving this localisation behaviour in order to predict the shear plugging. Furthermore recent studies [l] have shown that the work hardening behaviour of iron and RHA is significantly less in torsion than in tension or compression. Indeed for a variety of RHAs tested the work hardening is almost zero. This behaviour should therefore be taken into account in the constitutive model.
Since a ballistic event is a very complex process involving many mechanisms, it is useful to simulate a test which isolates the shear localisation to allow an in-depth evaluation of constitutive models and approaches. Such a test is the torsion test in which a specimen is deformed in pure shear, where shear localisation and instability in the form of adiabatic shear can be reproduced. This paper describes the development of a full 3D simulation capability of the torsion test using the public domain version of the lagrangian hydrocode DYNA3D [2] and preliminary comparison with torsion test experiments performed at Oxford University.
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2.DESCRIPTION OF TORSION TEST
The torsion test performed at Oxford University consists of a thin walled specimen which is held fixed at one end and twisted at the other using a torsional Hopkinson bar, such that the gauge length of the specimen is under a state of pure shear. The specimen geometry is illustrated in Fig 1 and a full description of the apparatus is given in [3] . The measurements produced for comparison with the simulations are the dynamic shear stresslshear strain in the specimen gauge length. In addition high speed cameras are being used to monitor a deforming grid etched onto the specimen gauge length compare directly with experiments. Future work will attempt to produce and film shear instability in the specimen due to localisation using high speed cameras. 
3.NUMERICAL RESULTS
The simulation studies have been performed using the lagrangian hydrocode DYNA3D. Although the specimen does have symmetry the rotational velocity must be applied through these symmetry planes, thus a full 3D analysis is required. The loading on the specimen in the experiment is transmitted via a confining collar which is also included in the simulation. The design of the mesh has been constructed to allow the maximum number of elements along the gauge length. The loading on the specimen in the simulation is imparted via a rotational velocity load curve applied to the confining collar, calculated such that the strain rate in the specimen gauge length is comparable with the experiment at around The simulations were designed to investigate the effect of mesh resolution on the stress system within the specimen gauge length as well as the dynamic shear stresslshear strain curve as compared with the experiment.
The comparison with the experimental stresslstrain curves were performed for REMKO AQ85 iron and a UK RHA with nominal hardness of about 300Hv. The constitutive models used for each material were based on the generic model for steel [4] . The constitutive equation is given below with constants for the iron and RHA.
Where o = effective stress T = temperature E = effective plastic strain sd=strain rate
The relative constants are:
Iron Cl=SOMPa RHA C 1 =7 10MPa C2=1130MPa C2=575MPa C3=0.005 15 C3=0.0048 C4=0.000262 C4=0.00032 C5=357MPa C5=567MPa n=0.52 n=0.41
Mesh resolution study
The specimen geometry is such that the gauge length is only a few millimetres long and the thickness of the gauge tube is only 0.25mm. This coupled with the fact that the whole. specimen must be simulated in 3D implies that a large number of elements are required to describe the full geometry. However, the deformation and localisation processes take place solely within the gauge length where it assumed that the shear stress and shear strain through the gauge length length thickness are uniform.
Two mesh resolutions were used in the simulations to investigate the nature of the stress system in the gauge length. The 'coarse' mesh comprised 34000 elements in total with 32 along the gauge length and 4 through the gauge length thickness. The 'fine' mesh comprised 82000 elements with 64 along the gauge length and 6 through the gauge length thickness. Whilst these meshes are relatively modest in terms of the resolution in the gauge length the simulations were taking around 10 hours on the CRAY YMP.
The general stress systems for the coarse mesh simulations are illustrated in Figs  4a and 4b respectively. Closer inspection of the element histories show that the average shear stresses and strains on the inner surface of the gauge length are more or less the same as those on the outer surface at the same time for both the coarse and fine mesh simulations. Thus it can be concluded that the mesh resolution of 4 elements through the gauge length thickness is sufficient to properly resolve the prevailing stress system. However, there are some differences in the shear stresses along the gauge length. Due to the significant run time on the supercomputer, there will always be a compromise between the accuracy and the run time. Future work will investigate the use of a finer mesh resolution along the gauge length. Clearly this has implications when simulating the details of shear localisation within the gauge length. 
COMPARISON WITH EXPERIMENT
One of the key measurements obtained experimentally is the dynamic shear stresslshear strain curve. The simulation for the REMKO AQ85 iron has been run to plastic strains of 0.5 using the modified Armstrong-zerilli model given previously. The comparison with the experiment is shown in Fig 5a , which shows reasonable agreement with the experiment except that the simulation show the stress increasing with strain to a level of 350mpa compared with the flat experimental curve at about 300MPa. If the work-hardening coefficient C5 is set to zero then the comparison is in much better experimental agreement in terms of the maximum stress level Fig 5a. However, the predicted curve shows a slight degradation with strain, due to thermal softening whereas the experimental curve is almost flat. The reason for this is probably due to the work-hardening coefficient C5 being set to zero, whereas in reality, although the work-hardening rate is less in torsion than under uniaxial conditions, it still has a finite value. This will be determined from future experimental tests and incorporated into the models. Using the constants for RHA, where the work hardening is assumed to be zero in shear (i.e C5=0 in shear), the comparison is shown in Fig 5b. Again, the same trend is observed with the RHA, that was seen with the AQ85. It is evident that a small but finite torsional work hardening rate will be needed, to match the experimental data accurately.
These simulations have not been progressed to the onset of localisation and failure or adiabatic shear, which will be the subject of a future study
GENERAL DISCUSSION
The simulations are still at a preliminary stage and a more thorough investigation of the effect of the mesh resolution along the gauge length, on the detailed stress system and localisation behaviour of the material, is required. However, the simulations have already yielded an invaluable insight into the experimental torsion test set-up and the general deformation behaviow of the material as well as the sensitivity to subtleties in the constitutive model.
To further advance these techniques to make a significant contribution to the study of shear instability it is essential that the mesh resolution along the gauge length is increased substantially. This is particularly important when the constitutive relations incorporate a temperature term and the localisation and adiabatic shear behaviour of the material is strongly influenced by its thermal behaviour. In addition this will be important when the predicted strains are compared with the strains from the etched grid on the specimen.
This study has performed some useful ground work in simulating the complexities of the torsion test in 3D which can be used as a springboard for more detailed investigations. In particular the simulations have shown that the test can be described without the need to include 111 details of the Hopkinson bar test equipment within the analysis, which would render the study completely impractical. This has been possible due to the simulations being capable of accurately describing the boundary conditions on the specimen.
